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A computational ﬂuid dynamics (CFD) solver CFX4.4 is used to implement a steady state model of heap bioleaching of
chalcocite, which includes air sparging (forced aeration) based on a previous model entirely under natural convection. The
model assumes the oxygen supply limits the reaction rate. A parameter analysis is performed which shows that the factors
important to copper leaching are liquid and air ﬂow rates, permeability and fraction of pyrite to chalcocite leached (FPY).
The ability to control which parts of the bed received the highest extraction as a function of the liquid and air ﬂow rates
was established. Sparging is found to increase the oxygen concentration throughout the heap compared to the circum-
stance with no sparging (natural convection), and consequently improves the copper extraction signiﬁcantly. The results
show that sparging does not provide any better copper extraction for very high heap permeabilities. The arrangement and
spacing of air sparging inlets is analysed in regard to the existence of oxygen starved regions between the inlets.
Crown Copyright  2006 Published by Elsevier Inc. All rights reserved.1. Introduction
Heap bioleaching is an important mineral extraction process used in industry for the removal of metals such
as copper and gold from low grade ores [1]. The process is favoured because large volumes can be processed at
low capital and operating cost, only requiring the control of acid application, existence of bacteria (either inoc-
ulated or naturally occurring) and provisions for supplying suﬃcient oxygen for the bacteria throughout the
heap. The leaching process occurs as a result of inﬁltration of water and sulphuric acid into the heap, which
forms a ﬁlm over the ore particles. Ferric ions in the acid reacts with copper sulphide in the ore, to produce
ferrous ions and copper in solution, which ﬂows out of the heap with the liquid. Aerobic bacteria in solution
consume oxygen in the liquid. The process occurs in the presence of bacteria, such as Acidithiobacillus ferro-
oxidans, which convert ferrous ions back into ferric ions with a 104-fold increase in the ferrous oxidation rate
[2]. In addition to the inﬁltration of acid, the ore particles during heap construction are coated with liquid
(acid), which is inoculated with bacteria.0307-904X/$ - see front matter Crown Copyright  2006 Published by Elsevier Inc. All rights reserved.
doi:10.1016/j.apm.2006.03.008
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air ﬂow, bacterial action (possibly multiple species), and copper extraction. The chemical reactions of these
components (oxygen, liquid, bacteria, copper) are reasonably well known, however reaction rate depends
on mass transfer processes, speciﬁcally oxygen supply in many cases. In this work we assume the liquid ﬂow
behaviour in the heap is uniform, and look at the eﬀect on copper extraction of air ﬂow in the heap under air
sparging (forced aeration), for various assumed bacterial populations. Without the use of sparging, oxygen
supply to the heap depends on natural convection, which occurs when temperatures inside the heap are greater
than outside. The onset of such eﬀects has been studied by Lu and Zhang [3]. For large heaps like those used in
industry, this does not provide enough oxygen deep within the heap for copper extraction [4]. In addition,
Casas et al. [5] found that heaps with height and width larger than 10 m · 20 m, respectively, were ineﬀective
in terms of copper recovery due to lack of air ﬂow.
Previous models of air ﬂow in heaps have included natural convection [5–8] with the air ﬂow through the
bed described by Darcy’s Law [9]. Sidborn and Moreno [10] describe a heap copper bioleaching model and
include the sparging of air in two-dimensions (2D), but give limited parameter analysis of the model and
use a sparger spacing from 12 m to 20 m, which is unrealistically large. In addition, Sidborn and Moreno
[10] use an unrealistic high permeability for the results and like other authors mentioned above, force the
air ﬂow to be perpendicular to the heap surface as it enters or leaves the heap. Of the models mentioned none
has included the full solution of the Navier–Stokes equations, which can become important at high air ﬂow
rates, or very high permeabilities. The analysis here uses the N–S equations with a resistance force based
on Darcy’s Law and solves the air ﬂow including the region outside the heap, thus not requiring the air ﬂow
be perpendicular to the heap surface as it enters or leaves.
In this work, a parameter analysis is performed on the improved 2D air ﬂow model to show important fac-
tors of copper leaching are liquid and air ﬂow rates, permeability and pyrite to chalcocite leached (FPY), and
sparging placement (for a typical spacing of 1–4 m). Sparging is found to increase the oxygen concentration
throughout the heap compared to the circumstance with no sparging (natural convection), and consequently
improves the copper extraction signiﬁcantly. The results show that sparging does not provide any better cop-
per extraction for very high heap permeabilities.
2. Model description
2.1. Assumptions
A heap is usually up to several kilometres long and no wider than 100 m, also being less than 50 m tall. We
take a cross section of the width of the heap where the edge eﬀects of the length of the heap are negligible. The
edges of the heap are sloped with a ﬂat top, therefore we consider a 2D uniform porous medium of trapezoidal
shape (see Fig. 1) with a given permeability and porosity throughout the heap. In practice the particle size
distribution can be widely varying, with regions of diﬀerent permeability and porosity through the bed.
Fig. 1 shows the schematic heap in bold, within the computational domain, in addition to a sparging region
that may comprise one or more inlets. Symmetry allows half the heap to be analysed.
Water and acid solution is assumed to feed uniformly downward under the inﬂuence of gravity, though in
practice the solution ﬂow can take tortuous ﬂow paths, with liquid channelling and liquid stagnant regions [11]
due to heterogeneities and properties of the unsaturated liquid ﬂow [1]. Heaps typically have large grain size to
promote liquid and gas ﬂow, so that capillary forces are negligible. In addition to this, the porosity within the
heap is assumed to be constant, which is based on the assumption that the water content in the heap is con-
stant, so that capillary pressure is neglected in this work and the gas ﬂow is determined from a single-phase,
rather than a two-phase calculation. It is a good approximation to assume that the temperature of the air is in
local thermodynamic equilibrium with the liquid and ore bed [12]. Consequently, it is suﬃcient to solve for the
heat transport of air, taking into account the heat advected by the liquid.
The bacterial population would vary in time and space in practice, but is kept constant in this work for
simplicity, however this aspect will be expanded in future work to include dynamic and spatially variable
kinetics (Monod oxygen-ferrous dependence, temperature, pH), and mobility and attachment/detachment
with liquid ﬂow and the solid phase.
Fig. 1. Schematic heap.
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The ore being considered in this work is composed of pyrite (iron sulphide) and chalcocite (copper sul-
phide). The reaction of a metal sulphide (MS) in the heap can be approximated by a two-stage reaction [5].
The solution contains ferric ions (Fe3+) that react with copper sulphide to produce ferrous ions (Fe2+) asMS+2Fe3þ!M2þ+2Fe2þ+S :
Ferrous ions are re-oxidized to ferric ions in the presence of bacteria (only A. ferrooxidans is considered) as2Fe2þ þ 0:5O2 þ 2Hþ !bacteria 2Fe3þ þH2O;
where M is the metal copper or iron present in chalcocite and pyrite, respectively. We follow the approach of
Casas et al. [5] who assume the bacteria and oxygen in the liquid are limiting the reaction rate, whilst the fer-
rous ions are in excess so that the fractional copper extracted a (kg chalcocite leached/kg chalcocite initially)
can be described by the Michaelis–Menton formda
dt
¼ b
qbGo
XV M
CL
KM þ CL ; ð1Þwhere X (bacteria/m3), VM (kg O2/bacteria/s), KM (kg/m
3) and CL (kg/m
3) are the bacterial population, max-
imum speciﬁc respiration rate of bacteria, Michaelis–Menton half growth rate constant and liquid oxygen con-
centration, respectively. The overall reactions for chalcocite Cu2S and pyrite FeS2 areFeS2 + 3.5O2 +H2O!FeSO4 +H2SO4 ;
Cu2S+2.5O2 +H2SO4! 2CuSO4 +H2 O :From these reactions, we can derive the stoichiometric factor b (kg Cu/kg O2), the mass ratio of copper pro-
duced to oxygen consumed asb ¼ M chMpy
2:5MOxMpy þ 3:5ðFPY ÞMOxM ch . ð2ÞIn (1), qb (kg/m
3) and Go (kg Cu/kg bed) are the average bed density (equal to the ore density times ore bed
volume fraction) and copper grade, respectively, and in (2) FPY (kg pyrite to kg chalcocite leached) is the ratio
of mass of pyrite to the mass of chalcocite leached, which is kept constant within a simulation. The maximum
respiration rate for A. ferrooxidans bacteria is given by Casas et al. [5], dependent on temperature as
M.J. Leahy et al. / Applied Mathematical Modelling 30 (2006) 1428–1444 1431V M ¼ 6:8 10
13T expð7000=T Þ
1þ expð236 74000=T Þ ; ð3Þwhere T (K) is the gas and liquid temperature, under the assumption of thermodynamic equilibrium. This rela-
tion exhibits a maximum value for temperature around 37 C (see Fig. 2), and conforms to the temperature
range 4–46 C given in the literature as that over which bacteria can survive [13].
The oxygen concentration in the gas phase Ca (kg/m
3) is written in terms of gas oxygen mass fraction Wo
(kg O2/kg air) asCa ¼ qaW o. ð4Þ
Henry’s law gives the oxygen concentration in the liquid CL (kg/m
3)CL ¼ HeCa; ð5Þ
where He (–) is Henry’s constant, with temperature dependenceHe ¼ 7 108T 3 þ 1:55 105T 2  1:2 103T þ 5:23 102; ð6Þ
obtained by ﬁtting oxygen solubilities in water as a function of temperature [14].
2.3. Air ﬂow
Models of air ﬂow in heap bioleaching vary between researchers, with Dixon [15] solving heap bioleaching
scenarios in 1D, ignoring 2D airﬂow and assuming that sparging is high enough to overcome oxygen limita-
tion. Of the recent 2D airﬂow models mentioned [8,10] the air ﬂow through the bed is described by Darcy’s
Law, the well known porous media ﬂuid ﬂow equation. In this work the momentum equations are described
by the N–S equations, with a reduced air space for ﬂow based on the porosity and a resistivity to the ﬂow due
to the porous media. The steady state ﬂow is described by the equation of continuity and the steady state N–S
equations given byr  u ¼ 0; ð7Þ
qar  ðuuÞ ¼ rp þ lar2uþ B; ð8Þwhere p (N/m2), u (m/s), B (N/m3), la (kg/m/s) and qa (kg/m
3) are the pressure, velocity, body forces, air vis-
cosity and density. The body force B accounts for the Darcy resistance to ﬂow in the porous medium and grav-
ity by taking the formB ¼ Ruþ qag; ð9Þ
where g (m/s2) is the gravitational vector and R (kg/m3/s) is the porous resistivity given by [16]R ¼ ela
K
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Fig. 2. Vm versus temperature.
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low ﬂow rates (as in this work) and in the limit of large resistance, Eqs. (8)–(10) represent Darcy
ﬂow [17].
Although the air is not considered compressible, the air density qa varies due to diﬀerences in the air tem-
perature, and induces a buoyancy eﬀect. The Boussinesq approximation is used to describe the air density for
the body force terms for qa in (9) asqa ¼ qa;0ð1 cðT  T 0ÞÞ; ð11Þ
where c (1/K) is the thermal expansion coeﬃcient of air, qa,0 (kg/m
3) is constant and equal to the air density at
atmospheric conditions, and T0 (K) is the buoyancy reference temperature. The density on the left-hand side
of (8) is set equal to the atmospheric value, so that the momentum equation is given byqa;0r  ðuuÞ ¼ rp þ lar2u
ela
K
u qa;0ð1 cðT  T 0ÞÞg. ð12ÞThe parameter qa,0 is now rewritten as qa for the rest of this work.
2.4. Liquid ﬂow
The liquid is assumed to ﬂow vertically and to have a negligible eﬀect on the ﬂow of air, except to cool it. A
more sophisticated liquid ﬂow model could be included, involving liquid hold-up [11], or unsaturated liquid
ﬂow [8]. However, for the purposes of the air-phase modelling in this work, we use a constant liquid velocity
within the heap. We also assume that liquid is applied evenly over the whole top of the heap, including down
the sides of the top.
2.5. Energy balance
The temperature is described by the steady-state heat equation with source terms given byohL
oy
þ DHR qbGob
da
dt
¼ kr2T r  ðTuÞ; ð13Þwhere k (W/m/K) is the thermal conductivity of heap. The ﬁrst term on the left-hand side of (13) represents the
heat taken up by the liquid, whilst the second term is the heat produced by the reactions. Casas et al. [5] de-
scribe the enthalpy of ﬂow in (13) as hL = qLCp,LqL(T  Tref) (J/m/s) where Cp,L (J/kg/K) is the speciﬁc heat
of liquid, and Tref (K) is the enthalpy reference temperature, and DHR (J/kg) is the heat of reaction given by
DHR = Hch + FPYHpy, where Hpy (J/kg) and Hch (J/kg) are the heat of reaction for pyrite and chalcocite,
respectively.
2.6. Oxygen balance
Transport of oxygen in the heap is described by advection and molecular diﬀusion (we have not included an
increased eﬀective diﬀusion due to porous medium), modiﬁed by reactions, and is described byqbGo
b
da
dt
¼ qaDar2Wo  qar  ðWouÞ; ð14Þwhere Da (m
2/s) is the diﬀusion coeﬃcient of air, and the term on the left-hand side of (14) is the sink term due
to reactions.2.7. Boundary conditions
The conditions imposed at the boundaries of the computational domain (see Fig. 1) are as follows:T ðx; yÞ ¼ 298ðx; yÞ 2 C1; ð15Þ
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ox
¼ 0; ð16Þ
pðx; dÞ ¼ 1 atm for 0 6 x 6 c; pðc; yÞ ¼ 1 atm for 0 6 y 6 d; ð17Þ
uðx; 0Þ ¼ ð0; V inÞ; T ðx; 0Þ ¼ 298 K; W 0 ¼ W 0;atm for x 2 C2; ð18Þ
uðx; 0Þ ¼ ð0; 0Þ; oT ðx; 0Þ
oy
¼ 0 for x 2 C3; ð19Þwhere C2 represents the range of x values along the x-axis corresponding to the sparging inlet(s), and (in the
results) represents one large sparger, or several smaller spargers evenly spaced across the bottom of the heap,
and C3 represents the range of x values along the x-axis not corresponding to the sparging inlet(s). In the re-
sults section several diﬀerent values of inlet velocity Vin are used and we also present the results without sparg-
ing (Vin = 0), however unlike Casas et al. [5], we do not force the ﬂow to be perpendicular to the heap surface
as it enters or leaves. Symmetry of the solution applies around the line x = 0 and allows the computation do-
main in Fig. 1 to be restricted to the region 0 6 x 6 c, 0 6 y 6 d. The computational domain used was larger
than the actual heap (see Fig. 1), with pressure boundaries at the outer edges of the computational domain.
The resultant ﬂow was such that air leaves the heap and then ﬂows through the rest of the computational do-
main, so that boundary conditions for the actual heap edges are not required. Air that enters the heap by
entrainment or forced convection is at full oxygen concentration W0,atm = 0.22 and ambient temperature
(298 K).
2.8. Numerical method
The steady state equations (1)–(7) and (12)–(19) were solved using the general ﬂuid ﬂow packageCFX4.4 [18],
and the simulations were performed with an orthogonal grid (250 · 250 cells). The rectangular grid had a stair-
case of computational cells to represent the slanted top of the heap. The results for a ﬁner grid (375 · 400 cells)
were found to be insigniﬁcantly diﬀerent to that of 250 · 250 cells. The liquid enthalpy ﬂow in (13) was approx-
imated using upwind diﬀerencing to ensure stability, but all spatial derivatives were approximated using central
diﬀerencing. The results were assumed converged when the normalized residuals were (all) less than 1 · 103.
Liquid was applied evenly across entire exposed boundary of the heap with a given ﬂow velocity qL.3. Results
The results are split up into two sections, ﬁrst a parameter study is performed by varying the bacterial pop-
ulation and the parameter FPY. This parameter study uses a single extended inlet of width 8.1 m representing a
bulk inﬂow of oxygen into the heap. In the second section of the results we use more than one inlet (each are
10 cm in width, the computational cell width and minimum inlet size, which represents many closely spaced
spargers), and is more representative of a real heap allowing the discussion of oxygen starved regions in between
spargers. Here, a comparison in the number of inlets (5 and 19) is made, corresponding to the spacing of 4 and
1 m, respectively. A spacing of 1 m is typically used in practice, and represents the spacing of sparging holes
along a given pipe, in the 2D cross section of the width of a heap. The larger spacing of 4 m is presented for
comparison, however, no attempt is made to ﬁnd the optimal sparger spacing.
The same base parameters were used (see Table 1) in all the results presented, and further parameters and
variables are speciﬁed where appropriate.
3.1. Parameter analysis
The population of bacteria in the heap, in particular A. ferrooxidans, is largely unknown, and it is appro-
priate to look at the eﬀect of such levels on the temperature, oxygen and hence copper extraction. Hence, the
results ﬁrst look at two cases, low and high bacterial populations, with values of X = 5 · 1012 bacteria/m3 and
X = 5 · 1013 bacteria/m3, respectively. We also investigate the eﬀect of variation of the FPY factor.
Table 1
Parameters for all results
Bed porosity e = 0.3 (m3/m3)
Bed height H = 10 (m)
Top and bottom length a = 8 (m), b = 20 (m)
Upper computational domain x, y c = 25 (m), d = 25 (m)
Air density qa = 1.208 (kg/m
3)
Air viscosity la = 1.812 · 105 (kg/m/s)
Air diﬀusion coeﬃcient Da = 1.44 · 105 (m2/s)
Heap thermal conductivity k = 4.83 (W/m/K)
Air thermal expansion coeﬃcient c = 3.43 · 103 (K1)
Liquid speciﬁc heat Cp,L = 4000 (J/kg/K)
Gas speciﬁc heat Cp,g = 1000 (J/kg/K)
Relative liquid ﬂow rate qL,0 = 1.4 · 106 (m/s)
Monod half growth rate constant Km = 1 · 103 (kg/m3)
Heat of reaction for pyrite DHpy = 1.26 · 107 (J/kg)
Heat of reaction for chalcocite DHch = 6.0 · 106 (J/kg)
Stoichiometric factor b = 0.193370
Copper grade Go = 0.5 wt%
Atmospheric oxygen mass fraction Wo,atm = 22 wt%
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The results found for relatively low bacterial levels are described in this section, with the constant value
X = 5 · 1012 bacteria/m3. In Fig. 3(a)–(d), we see the 2-D plots (with streamlines) of vectors, ﬁlled contours
of % oxygen mass fraction (normalized by atmospheric oxygen mass fraction (100Wo/0.22)), temperature
and local % copper extracted after one year (a1), respectively, for an inlet velocity Vin = 1 · 104 m/s, wherea1  365 24 3600 da
dt
 100.In Fig. 3(d), the copper extracted after one year is calculated by extrapolating linearly from the steady state
reaction rate. This corresponds to a typical air ﬂow rate used in practice [1]. The ﬁgures show that some nat-
ural air entrainment occurs, whilst sparging dominates the air ﬂow. The oxygen mass fraction stays relatively
high throughout the heap, showing that the process of sparging avoids low oxygen levels that inhibit copper
extraction.
In Fig. 3(b), the minimum oxygen concentration occurs near the bottom right-hand corner of the heap,
which is caused by the low ﬂow rates (Fig. 3(a)) in that area. This low oxygenated area occurs in spite of
the fact there is some natural convection in that area. In Fig. 3(c) and (d) the temperature and a1 are shown
revealing the strong dependence of the copper extraction upon the temperature.
In Figs. 4 and 5 a comparison is made between cases with and without sparging, respectively, for ﬁxed
liquid ﬂow rate, bacterial population and permeability. Fig. 5 shows that oxygen becomes depleted without
the use of sparging, limiting copper extraction with a characteristic extraction time of 13,258 days, compared
to 8013 days when sparging at Vin = 1 · 104 (Fig. 4).
We deﬁne the characteristic copper extraction time ast  Aheap
Z
Aheap
da
dt
 
dA;
,where Aheap is the area region of the heap. In Table 2 a comparison of t* is made for diﬀerent ﬂow rates, show-
ing that t* is highly dependent on the liquid ﬂow rate, with a minimum occurring around 0.5qL,0 where
qL,0 = 1.4 · 106. This dependence occurs due to the cooling eﬀect the liquid has on the air. Thus, liquid ﬂow
rate may be used to control the temperature distribution to ensure that it remains as close as possible to the
optimal value of around 311 K (see Fig. 2).
The eﬀect of the permeability on t* is shown in Table 3. It is only dependent on the permeability to a small
extent for an air inlet velocity Vin = 1.0 · 104 and Vin = 1.0 · 105, as explained by the t* ratio in Table 3.
The relative diﬀerence is negligible in terms of long term extraction.
Fig. 3. Streamlines with (a) vector plot, (b) contours of normalised mass fraction oxygen % (100Wo/0.22), (c) contours of T and
(d) contours of a1, Vin = 1.0 · 104, ql = 0.5qL,0, K = 5 · 1010.
Fig. 4. Streamlines with contours of normalised oxygen mass fraction oxygen % (100Wo/0.22), Vin = 1 · 104, ql = 1.5qL,0, K = 5 · 1010.
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Fig. 5. Streamlines with contours of normalised oxygen mass fraction oxygen % (100Wo/0.22), no sparging, ql = 1.5qL,0, K = 5 · 1010.
Table 2
t
*
versus liquid ﬂow rate qL (· qL,0), K = 5 · 1010, Vin = 1 · 104
qL (· qL,0) t* (days)
0.125 17,857
0.25 10,371
0.5 6667
1 7042
1.5 8013
2 8264
3 8333
Table 3
t
*
versus K for qL = 1.5qL,0, and associated t* ratio of Vin = 1.0 · 10
5 to Vin = 1.0 · 104
K t
*
(days) t
*
ratio
Vin = 1.0 · 104 Vin = 1.0 · 105
5 · 109 8065 8170 0.9871
5 · 1010 8013 8621 0.9295
5 · 1011 8091 8681 0.9320
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In this section we look at the results in the case of a higher constant bacterial population, X = 5 · 1013 bac-
teria/m3, compared to the last section where X = 5 · 1012 bacteria/m3. One of the most signiﬁcant changes was
the decrease in t* (compare Tables 2 and 4). Again, the liquid ﬂow rate has a substantial eﬀect on the copper
extraction (see Table 4), due to the ability of the liquid to cool the heap, and push the temperature closer to the
optimal temperature (311 K). Table 4 shows the best liquid ﬂow rate occurs around 5qL,0, and such estimates
could be useful in practice. The computed results for this ‘‘optimal’’ liquid ﬂow rate are shown in Fig. 6(a)–(d).
Fig. 6(a) shows some entrainment of air occurs into the heap, whilst in Fig. 6(b) we see the oxygen mass frac-
tion becomes depleted well before air leaves the heap, suggesting that a higher inlet velocity should be used (seeTable 4
t
*
versus liquid ﬂow rate qL (· qL,0), Vin = 1 · 104, K = 5 · 1010
qL(· qL,0) t* (days)
1 2274
2 1409
3 1140
4 1122
5 1119
6 1125
Fig. 6. Streamlines with (a) vector plot, (b) contours of normalised mass fraction oxygen % (100Wo/0.22), (c) contours of T and
(d) contours of a1, Vin = 1.0 · 104, ql = 5qL,0, K = 5 · 1010.
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a large area, leading to extraction in some areas as high as 92% after one year.
This estimate does not represent an extraction value obtainable in practice, since we have not accounted for
temporal variation in FPY as discussed earlier. Overall the predicted characteristic extraction time t* is 1119
days (see Table 4).
Fig. 7(a)–(c) shows that for a higher inlet velocity of Vin = 1.0 · 103, a completely diﬀerent copper extrac-
tion proﬁle is obtained, with most of the extraction occurring in the middle of the bed. This suggests the pos-
sibility of controlling copper extraction through diﬀerent regions of the bed, by using certain combinations of
liquid and air ﬂow rates. This higher air velocity pushes the t* down to 676 days (see Table 5), since more oxy-
gen is present in the heap (Fig. 7(a)) and the temperature distribution is closer to the optimal value of 311 K
(Fig. 7(b)). An even higher inlet velocity of Vin = 1 · 102 does not provide any better copper extraction (see
Table 5), because the temperature becomes higher than optimal over a large region.
Fig. 7. Streamlines with (a) contours of normalised mass fraction oxygen % (100Wo/0.22), (b) contours of T and (c) contours of a1,
Vin = 1.0 · 103, ql = 5qL,0, K = 5 · 1010.
Table 5
t
*
versus Vin for K = 5 · 1010 for qL = 5qL,0
Vin t* (days)
1 · 102 694
1 · 103 676
1 · 104 1119
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dence is less for K = 5 · 109. This comparison shows that if the heap permeability can be increased to
K = 5 · 109, a lower sparging rate can be used to obtain similar copper extraction. In fact, the t* without
sparging and K = 5 · 109 has been found to be 2212 days, indicating that for the size of heap studied here,
there is essentially no beneﬁt to be gained from sparging when the permeability is so high. This analysis shows
the beneﬁts of creating high permeability, to reduce costs of sparging.
3.1.3. FPY variation
In this section we look at the variation of the parameter FPY in regard to the copper extraction. In Fig. 8
we see that a doubling of FPY causes a signiﬁcant decrease in the copper extraction, and this is similar to the
results of Casas et al. [5]. We need to look at the 2D results to understand why, and in Figs. 9–11 we see the
spatial results for each of the three FPY 2.5, 5 and 10, respectively. Quite diﬀerent results are evident between
Table 6
t
*
for qL = 1qL,0, and associated ratio of t* for Vin = 1.0 · 10
5 to Vin = 1.0 · 104
K t
*
(days) t
*
Ratio
Vin = 1 · 104 Vin = 1 · 105
5 · 109 2217 2212 1.002
5 · 1010 2274 3155 0.7208
0
20
40
60
80
100
0 100 200 300 400 500 600
Time (days)
%
 C
ha
lc
oc
ite
 le
ac
he
d
FPY=2.5
FPY=5
FPY=10
Fig. 8. Copper extracted 100t/t
*
versus time, Vin = 1.0 · 103, ql = 5qL,0, K = 5 · 1010, X = 5 · 1013.
Fig. 9. (a) Temperature and (b) copper extracted a1, FPY = 2.5, Vin = 1.0 · 103, ql = 5qL,0, K = 510, X = 5 · 1013.
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increased from 2.5 to 5 although the maximum local copper extraction a is higher (than FPY = 2.5), it also has
a larger region over which the copper extraction is lower (see Figs. 9(b) and 10(b)), which is why FPY = 2.5
has the better overall copper extraction. In Fig. 11 we see that the highest FPY tested (FPY = 10) pushes the
temperature higher (Fig. 11(a)) and hence the optimal leaching area is smaller (Fig. 11(b)), indeed little copper
is extracted from the lower portion of the bed where the temperature is too hot, which causes the reaction rate
to decrease (see Fig. 2).
Fig. 10. (a) Temperature and (b) copper extracted a1, FPY = 5, Vin = 1.0 · 103, ql = 5qL,0, K = 510, X = 5 · 1013.
Fig. 11. (a) Temperature and (b) copper extracted a1, FPY = 10, Vin = 1.0 · 103, ql = 5qL,0, K = 5 · 1010, X = 5 · 1013.
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In this section we discuss the eﬀect of multiple spargers and the existence of oxygen starved regions between
the spargers. In practice, air sparging holes are spaced apart by 1 m (19 inlets) within a length of pipe laid
parallel to the width of the heap, along the x-axis as in Fig. 1. In addition to this spacing of 1 m, a larger spac-
ing of 4 m is used (5 inlets) for comparison. The arrangement and spacing of these pipes, to ensure that no
oxygen starved regions exist in between the spargers, are of interest to heap bioleaching operators, and have
gained little attention in modelling eﬀorts.
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In this section the results are represented under the use of 19 inlets spaced 1 m apart (of 10 cm in width)
across the 20 m-heap base, which may represent the sparging in the direction of the heap parallel with a given
pipeline. The results in Figs. 12 and 13 (with Vin = 10
4 and Vin = 10
3, respectively) show that a inlet velocity
of at least Vin = 10
3 is required to avoid oxygen limitation. At the lower inlet velocity in Fig. 12(a), we seeFig. 12. (a) % Oxygen mass fraction and (b) copper extracted a1, 19 spargers, Vin = 1.0 · 104, FPY = 5, ql = 5qL,0, K = 5 · 1010,
X = 5 · 1013.
Fig. 13. (a) % Oxygen mass fraction and (b) copper extracted a1, 19 spargers, Vin = 1.0 · 103, FPY = 5, ql = 5qL,0, K = 5 · 1010,
X = 5 · 1013.
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per extraction (Fig. 12(b)) there. However, Fig. 12(a) and (b) also shows that away from the inlets throughout
the majority of the heap, a low oxygen level is limiting copper extraction severely. At the higher inlet velocity
in Fig. 13(a) we see that oxygen starved regions do not exist since oxygen is carried into these areas by con-
vection and is not diﬀusion limited, contrary to the solutes in the liquid phase (iron, oxygen and bacteria) as
found by Bouﬀard and Dixon [11]. With the higher inlet velocity in Fig. 13(a), the streamlines show that air is
lost to the environment for the spargers placed too close to the edge of the heap. This has implications for
users in practice, with a balance between minimal wastage and good oxygen levels near the edge of the heap
needed.
3.2.2. Five inlets
Here, we present the results for ﬁve inlets spaced 4 m apart (and of 10 cm in width) in Figs. 14 and 15 for
two inlet velocities Vin = 10
3 and Vin = 10
2, respectively, where we see the ﬁlled contours plots of oxygen
and copper extracted. A large diﬀerence in the results is observed between these inlet velocities, with
Fig. 14 showing oxygen is limiting the copper extraction to the top half of the heap, and Fig. 15 showing good
copper extraction throughout, with no oxygen limitation. Fig. 14(a) and (b) shows there is oxygen in the lower
half of the heap allowing extraction there, except in between spargers, where the oxygen is too low. In the last
section with a smaller spacing of 1 m (19 inlets), a lower inlet velocity did not cause oxygen limitation in
between spargers, although oxygen was also starved from the majority of the heap. The larger spacing between
spargers in this case prevents convective transport of oxygen reaching the regions in between spargers, causing
diﬀusion limitation, and this limitation is not as prevalent when the spargers are spaced closer together as in
the last section.
In the case of higher inlet velocity in Fig. 15(a) and (b), there is no oxygen starved regions anywhere in the
heap, and the copper extraction is only temperature dependent (temperature not shown). The streamlines in
Fig. 15 show that much of the air is lost the environment, due to the closeness of the inlets to the edge of the
heap, and the inclination of the air to push sideways out of the heap. However, this higher inlet velocity pre-
vents oxygen from being starved from any part of the heap, so air lost to the environment may be a negative
aspect which the heap operator should overlook.Fig. 14. (a) % Oxygen mass fraction and (b) copper extracted a1, ﬁve spargers, Vin = 1.0 · 103, FPY = 5, ql = 5qL,0, K = 5 · 1010,
X = 5 · 1013.
Fig. 15. (a) % Oxygen mass fraction and (b) copper extracted a1, ﬁve spargers, Vin = 1.0 · 102, FPY = 5, ql = 5qL,0, K = 5 · 1010,
X = 5 · 1013.
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The model simulation presented in this work has shown that air sparging has a critical eﬀect on the heap
leaching process, in addition to the eﬀect of the liquid ﬂow rate. Copper extraction has been shown to increase
greatly with the use of sparging, in comparison to relying on natural convection. However, where the oxygen
was kept at high levels, one must be cautious about the copper extraction values, since other are factors are
likely to become rate limiting, such as liquid ﬂow and ferric iron levels. The ability to determine optimal air
and liquid ﬂow rates was illustrated, and this ability could be of use in practice. The ability to control copper
extraction in particular parts of the bed was shown, which also could be of interest to operators. It has been
shown that for permeabilities as large as K = 109, one does not achieve any better copper extraction by
sparging. The eﬀect of variation of FPY was shown for the ﬁrst time in a 2D sparging air ﬂow heap bioleach-
ing model. The eﬀect of multiple spargers was also shown, and the existence of oxygen starved regions between
the spargers was evident if the air ﬂow rate was too low, but only if the spargers were placed too far apart. In
the case of close inlet spacing (19 inlets), although oxygen starved regions did not occur in between spargers,
the rest of the heap was oxygen limited when the air ﬂow rate was low. At higher inlet velocities, oxygen
starved regions did not exist because oxygen was carried into these areas by convection, and was not diﬀusion
limited. It was also demonstrated that if air spargers were placed too close to the edge heap, air is lost to the
environment and this has cost implications for heap bioleaching operators. Interesting aspects for further
work include investigating cooler ambient temperatures and its eﬀect on bed temperature and air entrainment.
It may also be possible to turn oﬀ sparging (at least temporarily) once heap temperatures become high enough
to allow natural convection to take over, thus saving the cost of sparging. The model presented can be
improved by including these aspects and by relaxing the simpliﬁcations in the model of liquid ﬂow, bacterial
growth and ratio of pyrite to chalcocite leached (FPY). The eﬀect of heap dimensions could also be investi-
gated with regard to many of the aspects mentioned in this work.
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